In order to improve the outcomes after total hip arthroplasties (THA) and thereby reduce the burden of complications (Lawson et al. 2013) , it is crucial to identify factors influencing adverse events (AE) associated with surgery. Earlier studies have shown that patient comorbidities, ASA classification, age, sex, BMI, and smoking increase the risk of complications and reoperations (Bozic et al. 2012 , Lalmohamed et al. 2013 , Arsoy et al. 2014 , Duchman et al. 2015 , Singh et al. 2015 , Kallio et al. 2015 , Bohl et al. 2016 , Lubbeke et al. 2016 . Procedure -related factors such as surgical approach, type of implant, fixation technique, and surgery time (Yasunaga et al. 2009 , Lindgren et al. 2012 ) as well as hospital-and/or surgeon volume (Kreder et al. 1997 , Solomon et al. 2002 , Kaneko et al. 2014 , Glassou et al. 2016 , Kurtz et al. 2016 , Laucis et al. 2016 are also suggested to influence outcomes after THA.
The association between annual volume for both hospitals and individual surgeon and AE and reoperations have been discussed during the last decade, not only for primary THAs, but also in knee arthroplasty surgery (Kreder et al. 2003) , vascular procedures (Pearce et al. 1999) , general surgical procedures and gynecological interventions (Muilwijk et al. 2007 ). Few studies have investigated the relation between surgeon's annual volume and outcomes (both medical and surgical complication, reoperations, mortality, and patient-reported outcomes) following primary THAs. Most of these studies report an association between a higher annual volume and fewer AE (Kreder et al. 1997 , Lavernia and Guzman. 1995 , Katz et al. 2001 , Losina et al. 2004 , Paterson et al. 2010 , Camberlin et al. 2011 , Ravi et al. 2014 , Koltsov et al. 2018 ). All of these published reports are based on patient cohorts in North America with the exception of Camberlin et al. (2011) who studied a Belgian cohort of patients. There are, however, differences between countries with regards to training programs and level of surgeon activity. Second, there is a lack of publications adjusting for important confounders such as type of Background and purpose -Most earlier publications investigating whether annual surgeon volume is associated with lower levels of adverse events (AE), reoperations, and mortality are based on patient cohorts from North America. There is also a lack of adjustment for important confounders in these studies. Therefore, we investigated whether higher annual surgeon volume is associated with a lower risk of adverse events and mortality within 90 days following primary total hip arthroplasty (THA).
Patients and methods -We collected information on primary total hip arthroplasties (THA) performed between 2007 and 2016 from 10 hospitals in Western Sweden. These data were linked with the Swedish Hip Arthroplasty Register and a regional patient register. We used logistic regression (simple and multiple) adjusted for age, sex, comorbidities, BMI, fiation technique, diagnosis, surgical approach, time in practice as orthopedic specialist and annual volume. Annual surgeon volume was calculated as the number of primary THAs the operating surgeon had performed 365 days prior to the index THA.
Results -12,100 primary THAs, performed due to both primary and secondary osteoarthritis by 268 different surgeons, were identified. The median annual surgeon volume was 23 primary THAs (range 0-82) 365 days prior to the THA of interest and the mean risk of AE within 90 days was 7%. If the annual volume increased by 10 primary THAs in the simple logistic regression the risk of AE decreased by 10% and in the adjusted multiple regression the corresponding number was 8%. The mortality rate in the study was low (0.2%) and we could not find any association between 90-day mortality and annual surgeon volume.
Interpretation -High annual surgical activity is associated with a reduced risk of adverse events within 90 days. Based on these findings healthcare providers should consider planning for increased surgeon volume. fixation, surgical approach, and time as orthopedic specialist. We evaluated possible associations between the surgeon's annual volume and the risk of AE and mortality within 90 days following primary THA. We used data from a national quality register as well as hospital administrative data in Western Sweden, the second largest region in Sweden.
Patients and methods

Patient selection
Inclusion criteria for the study were: a primary THA either with a cemented, uncemented, or hybrid fixation technique in patients with index diagnosis osteoarthritis (OA) of the hip defined by the International Classification of Diseases (ICD)-10 codes M16.0-M16.7 or M16.9. All patients underwent surgery using a posterior or a direct lateral approach. We selected all surgeries performed in all hospitals managed by the county council of Western Sweden between 2007 and 2016 reported to the Swedish Hip Arthroplasty Register (SHAR) and the regional patient register, Vega (Figure 1 ).
Sources of data
Hospital medical records, SHAR, and the regional patient register were used as data sources. The linking between hospital medical records and SHAR was done using the 10-digit personal identity number (PIN) (Ludvigsson et al. 2009 ), name of the hospital, and date of surgery. The linked dataset, containing information from hospital medical records and SHAR, was subsequently forwarded to the regional patient register to add all adverse events and the data were pseudonymized replacing the PIN with a unique identifier. For each operating surgeon involved, data on the year for license to practice and/or specialist certificate in orthopedics were obtained from publicly available data at the Swedish National Board of Health and Welfare's register of licensed healthcare professionals (HOSP). The variable sources are detailed in Table 1 , see Supplementary data. The SHAR's aim is to register all primary THAs and reoperations performed in Sweden. The coverage has been 100% over the last 25 years and the completeness of primary THAs the National Patient Register (NPR). The PIN is used as the unique identifier for all entries in Vega. The regional patient register contains details on: depiction of the caregiver at the point of contact such as, for example, level of hospital or elective care, diagnoses, and interventions such as, for example, type of surgery, and length of stay in the hospital.
Annual surgeon volume was defined as the number of primary THAs the operating surgeon performed in the 365 days prior to the index THA of interest (Ravi et al. 2014) . Annual hospital volume was calculated as annual surgeon volume but based on number of primary THAs in the 365 days prior to the index THAs.
A direct acyclic graph was used to visualize and determine covariates of interest based on previous publications. The following covariates were identified as confounders and included in the multiple logistic regression analysis: age, sex, BMI, comorbidities, years in practice as orthopedic specialist at the time of the index THA, fixation technique, diagnostic indication for implantation, surgical approach, and annual hospital volume. Smoking was also identified as a confounder but was not included in the multiple logistic regression analysis due to lack of information on patient smoking habits over the whole investigated period (i.e., SHAR has not collected information during the entire investigated period).
The years in practice for each orthopedic specialist at the time of the index THA was defined as the difference between date for surgery and date of certification as orthopedic specialist.
The Elixhauser comorbidity index (ECI) is a comprehensive set of 30 comorbidities associated with substantial increase in length of stay, hospital charges, and mortality (Elixhauser et al. 1998 , van Walraven et al. 2009 ). The ECI has been considered as a superior predictor for long-term outcomes (beyond 30 days) to the Charlson comorbidity index (Sharabiani et al. 2012) . The period used for calculating ECI in this study was 365 days prior to the index THA. Comorbidities present in the 365 days prior to the index THA were used for calculating ECI.
An AE was defined as a readmission for a predefined set of World Health Organization International Classification of Diseases (ICD) and the Nordic Medico-Statistical Committee (NOMESCO) Classification of Surgical Procedures codes for interventions (Appendix, see Supplementary data). Death for exceeds 98% during the last 10 years (Kärrholm et al. 2016 any reason was also included in the definition of AE. The code list for AE has been elaborated by the Swedish Knee Arthroplasty Register (SKAR) in collaboration with the National Board of Health and Welfare to be used after knee replacements. Based on the same principles SHAR elaborated a code list adapted for elective hip replacements.
The codes were classified into the following groups; A = surgical procedure codes that include reoperations of THA implants and other procedures that may represent a complication, DA = diagnostic codes that imply surgical complications, DB/DB 2 = diagnostic codes that cover hip-related diseases that may have been used for complications after THA surgery, DC = diagnostic codes covering cardiovascular events that may be related to the surgery, DM/DM 2 = diagnostic codes concerning other medical events not related to the THA surgery but that may be related to the surgery if they occur shortly afterwards. A, DA, BD, and BD 2 in the Appendix are surgical complications (i.e., hip-related complications) and DC, DM, and DM 2 medical complications (i.e., serious cardiovascular or medical complications).
Statistics SPSS version 25 (IBM Corp, Armonk, NY, USA) and R version 3.2.3 (R Foundation for Statistical Computing, Vienna, Austria) was used for the statistical analysis. We used both simple and multiple logistic regression. Data from the regressions are presented with regression coefficient (β-coefficient), 95% confidence interval (CI), and p-value. P-value for statistical significance was set at < 0.05. A predictive model was created to analyze risk of AE and mortality. Predicted risk was calculated using a fitted simple logistic regression model. Prediction intervals (PI) were calculated to see the prediction strength with a 95% prediction interval. The predicted risk of AE within 90 days is presented unadjusted with arbitrarily determined limits (0, 10, 20, 30, 40 , and 50) for annual surgeon volume in Table 4 .
A sensitivity analysis was performed according to guidelines in statistical analysis of arthroplasty data to evaluate the consequence of violating the assumption of independent observation (i.e., analysis when the second hip was excluded in patients with bilateral THAs) (Ranstam et al. 2011) .
Patients operated with simultaneous bilateral THAs were captured as 1 surgery in the study. As Ranstam et al. (2011) concluded based on a literature survey, there is little practical consequence of analyzing bilateral prostheses-at least with knee and hip data. We expect that the dependency structure of 2 hips from the same patients is stronger and of more consequence that the dependency structure of different patients having the same surgeon. THA surgery is a highly standardized procedure and as such we do not expect surgeon-related base risks and modelling approaches did not indicate such results.
Our primary outcome was AE within 90 days following the index THA surgery and our secondary outcome was mortality within 90 days following the index THA surgery.
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Results
268 different surgeons performed the 12,100 operations of which 8% (989) were performed by orthopedic trainees. The median years in practice as an orthopedic specialist at the time of the index THA was 12 (0-40) (Figure 2 ). The median annual surgeon volume was 23 primary THAs (0-82) 365 days prior to the THA of interest (Figure 3 ). Mean age for all patients was 69 years (SD 11) and the proportion of females was 58%. Primary OA was the most common diagnosis (94%). Some 68% of the patients received a cemented THA followed by uncemented (Table 2) ; 45% of the patients had no comorbidities according to ECI 365 days preceding the index surgery (Table 3) .
Outcomes
Readmissions for any cause within 90 days occurred in 1,019 patients (8%) and with the AE definition used (see Appendix) the rate decreased to 818 (7%). In all, 69% of all AE could be classed as surgical complications and 31% as medical complications. For AE within 90 days the simple logistic regression showed a statistically significant reduced risk with increasing annual surgeon volume (regression coefficient = 0.990, CI 0.986-0.995). The corresponding numbers in the multiple regression were: regression coefficient = 0.992, CI 0.987-0.998. According to the predictive model the risk of an AE decreased by more than 35% if the surgeon had performed 50 or more THAs compared with 0 THAs during the 365 days preceding the index surgery (Table 4) .
A total of 28 patients died within 90 days. The annual surgeon volume did not influence the risk of mortality in the simple regression (regression coefficient = 0.999, CI 0.974-1.022) or the multiple regression (regression coefficient = 1.000, CI 0.978-1.031). The prediction interval for mortality could not be calculated due to the low mortality rate.
The result of the sensitivity analysis is similar to the result including both hips. 1,093 surgeries were excluded and the sensitivity analysis contained 11,007 THAs. 70 patients were operated with simultaneous bilateral THAs. Data for the sensitivity analysis are not shown.
Discussion
We found that higher caseloads of annual THAs were associated with decreased level of AE within 90 days after surgery. This finding is supported by previous publications (Lavernia and Guzman 1995 , Kreder et al. 1997 , Katz et al. 2001 , Losina et al. 2004 , Paterson et al. 2010 , Camberlin et al. 2011 , Ravi et al. 2014 . Based on previous publications it is difficult to understand what the optimal annual surgeon volume is in order to achieve low levels of AE and reoperation. Furthermore, annual surgeon volume can vary over time and by calculating the annual surgeon volume as the number of primary THAs performed 365 days prior to the index surgery we were able to capture this variation. This method has been used by Ravi et al. (2014) in their study and might be a more correct estimation than using all THAs during a calendar year where all surgeries are attributed with the same volume regardless of whether the actual surgery being analyzed is the first or the last one during the measured year.
90-day mortality is rare following primary THA surgery in Sweden. The 0.2% mortality rate in our study is lower than the average mortality rates following primary THAs in 2 published systemic reviews (0.7% and 0.5%) (Singh et al. 2011 , Berstock et al. 2014 . Berstock et al. (2014) included 7 studies on mortality within 90 days in their systemic review and in these the mortality rates varies between 0.1% and 0.7%. Ravi et al. (2014) (not included in any of the systemic reviews) did not find any obvious relation between mortality within 90 days and surgeon volume despite higher mortality rates. An explanation of the lower mortality rates in our study compared with the systemic reviews might be that the Swedish THA patients are healthier than patients included in systemic reviews (i.e., a selection bias of patients undergoing THA surgery between countries and hospitals). Hence, mortality rates between different studies might not be generalized depending on differences in the organization of healthcare and individual surgical practices. Our study has some limitations. We have not adjusted the multiple logistic regression for smoking, despite the knowledge of its negative influence on AE (Singh et al. 2015 , Duchman et al. 2015 . In our dataset, during the years 2013-2016, around 5% of patients were reported as smokers (information from the SHARs PROM program). Furthermore, data are missing on 17% included procedures, and finally the frequency of smoking is decreasing during the years 2013-2016. In spite of the fact that we have some information on smoking behavior in our study, we decided not to include smoking in the regression analysis because of the high amount of missing values. A second limitation is that only primary THAs performed within the region of Western Sweden were included. Some of the surgeons involved in the study might have had a temporary or partial employment, having performed primary THAs outside the investigated region. In Sweden there is no central dataset on surgeons, regarding their employment and activity. We presumed that the limited number of surgeons operating on cases outside the region of Western Sweden not would influence our conclusions. Finally, we share the same limitation as in all observational studies using administrative data. Both change of practice during the study period and local trends but also differences in registration might occur between the included hospitals. The regional patient register we used is not validated on its own but it provides data to the NPR. The Swedish National Inpatient Register (IPR) is part of the NPR. The IPR has been validated and contains 99% of all hospital discharges (Ludvigsson et al. 2011) . In this study we used a definition of adverse events requiring hospital admission. Hence, we believe our data are robust and our conclusions are valid.
One strength is that we could control for the surgeon's experience (i.e., years as orthopedic specialist) at the time of the index surgery. The Swedish National Board of Health and Welfare register of licensed healthcare professionals has the exact date of certification for all doctors applying for licenses to practice and orthopedic specialist certification. We decided to include years in practice in the regression model. We have previously shown that surgeons with longer experience operate on patients with different diagnoses, patient characteristics, and using other implants compared with less experienced surgeons (Jolbäck et al. 2018 ). Years as a recognized specialist in orthopedics might also be considered as a proxy for surgical skills accumulated by the experience of previous procedures during the surgeon's career. But, also, the knowledge gained and experience of preparing patients both physically and mentally prior to the surgery can be of importance. More experienced surgeons are likely to make more appropriate decisions regarding the indication for surgery, the operative details (technical aspects), and other perioperative factors that could result in an improved outcome. By including the years in practice at the time of the index surgery in the analysis we were able to adjust for the above confounders. Another strength of the study is that we have been able to adjust for both surgical approach and type of fixation. To our knowledge, this is the first publication analyzing the risk of adverse events and mortality based on annual surgeon volume, adjusting for important confounders such as type of fixation, surgical approach, and time as orthopedic specialist. Finally, we used an administrative database registering all healthcare including readmission to hospitals in the whole of Sweden for the inhabitants of Western Sweden. This means that the risk of not collecting all readmissions within 90 days following the index THA is near to non-existent.
Analyzing 12,100 surgeries reported to the SHAR, we conclude that high annual surgical activity is associated with a reduced risk of AE within 90 days following primary THAs. Based on these findings, healthcare providers should consider planning for an increased surgeon volume. PJ had the original idea for the study, processed the data, and prepared the first version of the manuscript. All authors took part in the planning of the study, analysis, and interpretation of the data, and in writing of the manuscript. All authors read and approved the final manuscript.
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